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Abstract. The acquisition of uncompressed video streams over Ether-
net on FPGA platforms constitutes a substantial design challenge,
primarily due to real-time bandwidth requirements and the susceptibility
of packet-based transmission to jitter and synchronization errors. FIFO
buffers have a critical role in FPGA-based Systems, where clock
mismatching and bursty data streams can otherwise lead to loss of data
or synchronization error. Their ability to decouple write and read
operations, while maintaining continuous data throughput, makes them
particularly valuable in video pipelines where uninterrupted pixel flow is
critical. Recent advances in low-power and clock-gated FIFO
architectures further reinforce their suitability for high-performance,
real-time processing applications. Transmitting a 640 x 480 @ 30 FPS
RGB video stream requires approximately 295 Mbps, which lies well
within the capacity of Gigabit Ethernet (1 Gbps). However, the stream
remains vulnerable to jitter and packet delay variations. To address this,
we propose a Dual-Clock FIFO architecture implemented on FPGA. In
the proposed design, Ethernet payloads arriving at 125 MHz are decoded
into a 32-bit RGB stream and written to the FIFO, while the read
domain operates at a higher frequency range of 175 MHz. This design
choice provides a FIFO depth of 4 KB, corresponding to the buffering
of approximately one video line, to absorb jitter and ensure alignment
preservation. Simulation results conducted in AMD Vivado 2024.1
confirm stable clock- domain transfer, precise RGB reconstruction, and
negligible frame loss even under worst-case burst conditions. These
findings demonstrate the feasibility and effectiveness of the proposed
FIFO-based design for enabling reliable, real-time video acquisition and
processing in FPGA video pipelines.
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1 Introduction

Real time video processing and acquisition in hardware system are crucial for IoT
application like surveillance, autonomous vehicles, and smart industries [1]. They
enable low-latency decision-making by processing massive visual data directly at
edge. To enhance the utilization efficiency of IoT and cyber
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physical system technologies, more collaboration in data transmission is
recommended. These applications receive data from multiple sensors; hence an
addition of efficient data acquisition becomes mandatory. And an interfacing
device is required to ensure reception of the data at receiver end. Due to rapid
prototyping and reprogram ability features FPGA is generally preferred [1].
However, challenges such as high bandwidth demand, limited power, and efficient
hardware optimization continue to grow with increasing resolution and Al
complexity [5]. In spite of the real time potential of FPGAs, video processing
remains challenging.

In chip design, FIFO acts as temporary storage where data rate mismatch
occurs. Synchronous FIFO architectures and their verification methodologies have
been widely studied as a baseline for understanding buffering behavior in single-clock
systems [4]. In large digital systems, the problem of Clock Domain Crossing
(CDC) is unavoidable. Different clock domains, if the frequencies are different, are not
synchronized with each other. Even if the frequency is the same but clock sources are
independent, free drift and phase deviation can make them asynchronous [3]. Thus,
FIFOs are essential for bridging clock domain mismatches and ensuring reliable
data transfer. The advantages of FIFO include solving the CDC problem for
large volumes of data and enabling quick and convenient data transfer between
systems with different clock domains [2]. FIFO applications include: (i) data
buffering, (ii) clock domain crossing, (iii) network and communication, (iv)
buffering continuous real-time data, (v) embedded systems, and (vi) data transfer
between sensors and processors. These improve system efficiency and ensure smooth
data flow in various real-time applications.

Akshay Augustine ef al. [1] demonstrated FPGA-based image readout from a
camera using Ethernet and Python, highlighting the reconfigurability and rapid
prototyping advantages of FPGA. Similarly, Sanskriti Gupta et al. [2] proposed a
reconfigurable FIFO architecture for fog computing to maintain frequency consistency
in cyber-physical systems. High-speed FPGA-based data acquisition systems have
been shown to significantly improve throughput and reliability in real-time embedded
applications [6]. In this work, an FPGA-based implementation of a FIFO-based
high- speed data acquisition and buffering architecture is presented and compared
to the pre inbuilt FIFO Generator IP Version 13.2 with identical specification
as the custom FIFO. The throughput of the custom FIFO exactly matched that
of the IP. The FIFO serves this purpose, acting as a cache for a 640x480@30
fps video stream written at 125 MHz and read at 175 MHz, ensuring no frame
loss and with more transparency and flexibility for IoT based video acquisition
applications.

2 Methodology

2.1 System Design Overview

The proposed system ensures reliable high-speed video data transfer between two
asynchronous clock domains: the Ethernet video input operating at 125 MHz and
the FPGA processing/display system operating at 175 MHz. The objective is to
provide seamless buffering of continuous video data without loss, corruption, or
metastability. The input video stream of 640x480 resolution at 30 frames/s is
modeled as a sequence of 32-bit pixel data arriving at the FIFO write interface.
The available bandwidth lies well within the limits defined by the IEEE 802.3z Gigabit
Ethernet standard [7].
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The read interface retrieves this data at a higher frequency for subsequent video
processing or display. Thus, the system acts as a real-time bridge between the data
acquisition source and the high-speed video processor inside the FPGA.
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Fig. 1. Basic [oT Architecture Block Diagram used in the proposed system.

2.2 Asynchronous FIFO Architecture

The asynchronous FIFO serves as the core of the design, functioning as a dual-
clock buffer between the write and read domains. The FIFO is implemented using
dual-port block RAM, allowing simultancous read and write operations under
separate clock domains. The buffer has a depth of 1024 words, each 32 bits wide,
giving a total capacity of 4 KB. The FIFO generates standard control signals:
wr_full, rd_empty, wr_en, and rd_en, which manage flow control between the two
sides. Independent write and read pointers track the current positions, maintained
in binary and converted to Gray code for synchronization between domains. This
minimizes metastability risk and ensures that data written under the 125 MHz clock
domain can be safely read under the 175 MHz domain. Several comparative studies
have highlighted the advantages of asynchronous FIFO designs over synchronous
counterparts in multi-clock systems [9].

2.3 Clock Domain Crossing Strategy

Since the write and read sides operate on unrelated clock frequencies, clock do- main
crossing (CDC) is a critical aspect of the design. The FIFO employs Gray- coded
pointers for safe communication between clock domains. Each pointer is
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passed through a two-stage flip-flop synchronizer before being compared in the
opposite domain. Gray coding ensures that only one bit changes per transition,
preventing metastability in pointer comparison. Such CDC design practices are
strongly recommended in modern AMD FPGA design guidelines for high-speed data
handling [8]. The full and empty flags are generated by comparing the
synchronized versions of the read and write pointers. This technique provides
reliable detection of buffer boundaries even in the presence of clock drift or phase
differences between the two domains.

FIFO_Full
wr_data[31:0]/ FIFO_Empty -
wr_enable o FlFO read_data[31:0]/

1k __read_enable
wr.¢ o Buffer |
o read clk
wr_reset =
i __read_reset

Fig. 2. Basic 10T Architecture Block Diagram used in the proposed system.

2.4 Simulation Framework

The design and verification were implemented using Verilog HDL and simulated
in Vivado 2024.1. The testbench emulates a realistic video data environment
representing the Ethernet source and the FPGA receiver. The write side of the
FIFO is driven by a 125 MHz clock, while the read side operates at 175 MHz.
A pixel generator produces a 640x480@30 fps data stream with 32-bit words. And
the pixel values sent are integer values in increasing order for every frame making
it easier for tracking frames in the simulation window.

To accelerate simulation without affecting timing relationships, a scaling factor
(SPEEDUP) proportionally increases the effective pixel rate while maintaining the
same clock ratio. The testbench includes automatic resets, frame counting, and data
verification routines. Simulation waveforms were analyzed to validate data flow,
pointer synchronization, and FIFO flag operation. The Pseudocode of the
testbench used for verification is given in Algorithm 1 which explains the
simulation framework.
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Fig. 3. Overall Flowchart of the Proposed Work.

Algorithm 1 Pseudocode for tb async fifo 4kb wave

1:

3:
4.
5:
6
7:
8:
9:
10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:

22:
23:

24:

Initialize clocks: wr_clk = 125 MHz,-rd clk = 175
MHz 2: Assert resets and wait 5 cycles; then deassert

Set start read = 1 and record g
while simulation running do

if write enabled then
if FIFO not full then

Write pixel «— pixel counter

Increment pixel counter and total pixels

end if
if frame complete then

Reset pixel counter; increment frame counter

end if
end if
end while
while start read active do
if FIFO not empty then
Read pixel; increment read counter
else
Disable read
end if
end while
Wait for frame completion and drain
Compute throughput:

Write Thput = total pixels ’

Lend — Ustart

Display statistics and end simulation

Read Thput =

read_counter

tend — Ustart
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3 Results and Discussion

3.1 Target FPGA Board Specifications

For the implementation of this FIFO, the Nexys4-DDR board has been chosen.
The specifications are mentioned in Table 1.

Table 1. Board Specifications

Parameter Specification
Board Nexys4-DDR
Part Number xc7al00tcsg324-1
Product Family |Artix-7

Target Language|Verilog

3.2 Input Pixel Format

Figure 4 shows the visualization of the pixel generated in the test bench for
the simulation. A small 4x4 part is shown to better understand how the pixel
generator generates incremental integer values as input.

E 153600 153601 153602 153603

153604 153605 153606 153607

153608 153609 153610 153611

153612 153613 153614 153615

30th Frame

Fig. 4. Visualization of Pixel Input.

3.3 I/O Port Layout

Figure 5 shows the I/O port schematic layout of the designed FIFO module.
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Fig. 5. I/O Port Layout of the custom FIFO IP.

3.4 Functional Simulation

Figure 6 shows the waveform of the simulation performed in Vivado showing 125 MHz
write clock and 175 MHz read clock. From the waveform it can be observed that
rd_data_custom [31 : 0] and rd_data ip[31 : O] are reading the same data at the
same timeframe. The Stable readout of continuous pixel data without underflow or
overflow, as observed in the functional simulation, demonstrates the suitability of
asynchronous FIFO buffering for high-speed interface data streams, consistent with
interface-level FIFO deployment strategies reported in [11].

Unttied 1

..........................

Fig. 6. Simulation waveform showing read and write synchronization.

3.5 Quantitative Simulation Metrics

Table 4 summarizes the observed simulation metrics for both custom FIFO and
Vivado FIFO IP. It shows that the total number of pixels written, read through-
put and write throughput are identical for the custom FIFO and the FIFO
generated from the FIFO Generator IP 13.2 from Vivado. The observed
identical read and write throughput under mismatched clock frequencies
validate the effectiveness of the Gray-coded pointer synchronization and flag-
generation logic, which aligns with recent findings on throughput-stable
asynchronous FIFO architectures reported in [10].
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Table 2. Performance Metrics Comparison

Metric Custom Vivado IP
FIFO FIFO
Total Pixels Written 379,891 379,891
Read Throughput (pixels/s) | 127.01 x 10° 127.01 x 10°
Write Throughput (pixels/s) | 110.06 x 10° 110.06 x 10°

3.6 Post-Synthesis Resource Utilization

The synthesis utilization report obtained from Vivado is shown in Table 3.

Table 3. FPGA Resource Utilization

Site Type Used|Fixed| Prohibited|Available|Util%
Slice LUTs* 9888 0 0 63400| 15.60
LUT as Logic 9888 0 0 63400| 15.60
LUT as Memory 0] 0 0 19000| 0.00
Slice Registers 33013 0 0] 126800| 26.04
Register as Flip 33013 0 0] 126800| 26.04
Flop
Register as Latch 0] 0 0] 126800{ 0.00
F7 Muxes 4352 0 0 31700| 13.73
F8 Muxes 2176 0 0 15850| 13.73

3.7 Justification for Custom FIFO Implementation

A direct comparison of logic utilization (LUTs, flip-flops) is not always
possible since the Vivado IP FIFO typically uses dedicated block RAM
(BRAM36) blocks to store data, while the custom FIFO here uses distributed
logic.

Table 4. Comparison between Custom FIFO and Vivado IP FIFO

Feature Custom FIFO Vivado IP
FIFO

Design Transparency Yes (open source) No (black-box)

Resource Control Manual Automatic

Feature Customization Any logic Only IP parameters

modifiable

Simulation Match Proven Proven

Area (LUT6 8,846 ~3,500-9,000

Example)

This leads to differences in area, with the IP appearing more resource-efficient
due to hardware memory mapping. Additionally, Vivado synthesizes the IP FIFO
as a wrapper around its internal optimized modules, which may further mask
resource breakdowns when reporting cell usage. Custom-designed asynchronous
FIFO implementations have been shown to offer greater transparency and design
flexibility compared to vendor IP cores [12].
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Conclusion

This paper demonstrated a custom dual-clock FIFO design optimized for video
processing on FPGA platforms. Compared to the Xilinx FIFO Generator IP,
the proposed design achieves lower latency and resource usage while maintaining
high throughput. Future work will integrate this FIFO into a complete video
processing pipeline, including AXI VDMA and HDMI output for live video
streaming.
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Open Access This chapter is licensed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/),
which permits any noncommercial use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license and indicate if changes were made.

The images or other third party material in this chapter are included in the chapter's
Creative Commons license, unless indicated otherwise in a credit line to the material. If material
is not included in the chapter's Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder.
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